The magnitude of the polar magneto-optical Kerr effect in reflection from thick iron epitaxial films is experimentally found to strongly depend on the crystallographic orientation of the film, with variations of more than 20%. Similar results are obtained on the ͑001͒ and ͑110͒ faces of a bulk Fe crystal. It is shown that this anisotropy can be described as a third-order effect in the magnetization M on the optical response ⑀(,M). Our analysis can also be used to understand the transversal Kerr effect at normal incidence recently observed by Gridnev et 
al. © 1998 American Institute of Physics. ͓S0021-8979͑98͒46611-8͔
Magneto-optics provides a simple and quite universal way to probe the magnetization M of a ferromagnetic medium. [1] [2] [3] [4] Most of the magneto-optical phenomena arise due to the effect of M on the dielectric constant of a medium ⑀(M). Assuming that this effect is weak, the ⑀(M) dependence is often expanded in powers of M yielding
where ⑀ (0) denotes the magnetization-independent part of ⑀(M) and the tensors f, g, and h describe the linear-, second-, and third-order magnetization-induced corrections to the dielectric function of the magnetic medium. So far the main attention has been paid to the magneto-optical effects arising via the second and third term in Eq. ͑1͒. For instance, to describe magnetic circular dichroism ͑MCD͒ it is usually enough to account for the term 4ifϫM that is linear in the magnetization. Upon light reflection, MCD results in the magneto-optical Kerr effect ͑MOKE͒ which is used to study magnetism in opaque media. 1 The second-order magnetization-induced term 4g:MM results in the linear birefringence. 2 Higher order terms in M in Eq. ͑1͒ are usually neglected. However, they may result in new magnetooptical effects and thus become important. In particular, a third-order contribution (ϰh) to Eq. ͑1͒ has been recently observed by Gridnev et al. 6 to contribute to the transversal magneto-optical Kerr effect upon light reflection from the ͑111͒ face of LiFe 5 O 8 .
In this work we analyze novel magneto-optical effects that can originate via higher-order ͑and anisotropic͒ contributions in the magnetization dependence of the dielectric response in cubic media. In particular, these contributions can describe experimentally observed anisotropy of the magneto-optical Kerr rotation in reflection from ͑001͒ and ͑110͒ oriented iron epitaxial films and ͑001͒ and ͑110͒ faces of a bulk Fe crystal. A similar effect has also been observed on epitaxial hcp Co films, 3 where the anisotropy is linear in the magnetization. 3, 4 For cubic bcc iron, however, this linear effect is forbidden by symmetry and the anisotropy can be understood as a third-order effect of the magnetization. We also demonstrate how the orientation dependence of the polar MOKE is related to the transversal third-order MOKE observed in Ref. 6 .
The epitaxial Fe͑001͒ and ͑110͒ films with the thickness 700-1000 Å were grown on Au͑001͒ and Au͑111͒ buffer layers as described in Ref. 7 . The bulk samples were prepared by cutting an iron single crystal along ͑001͒ and ͑110͒ planes with subsequent polishing by a diamond paste. The MOKE spectra of epitaxial Fe films were measured in the range of 4-10 eV using the synchrotron facility described in Ref. 8 . Similar measurements in the range 1.55-6 eV on epitaxial films and bulk samples were done on a Kerr spectrometer.
In Fig. 1 we show the spectra of the Kerr rotation angle K and the Kerr ellipticity K measured on thick Fe epitaxial films with the ͑001͒ and ͑110͒ orientation. A strong anisotropy However, an additional study performed on different faces of iron bulk single crystals contradicts this simple explanation. In Fig. 2 we show the MOKE spectra measured upon light reflection from Fe͑001͒ and Fe͑110͒. In this case the effect of the lattice strain should be much smaller, if not negligible, in comparison to that expected in epitaxial films. The surface ͑micro-͒ roughness of the faces of the bulk crystal, which can result from the sample polishing, is obviously expected to be distinctly different from the surface ͑micro-͒ roughness of epitaxial films which can arise during the film growth. However, the great similarity between the results presented in Figs. 1 and 2 is obvious. Only at small photon energies បՇ2 eV there is a clear anisotropy found for the epitaxial films while the single crystal faces do not show this. This observation strongly suggests that the MOKE anisotropy at បϾ2 eV is an intrinsic effect of a perfect Fe crystal rather than related to the mechanisms described above.
For cubic media the first two tensors ⑀ J (0) and f in the expansion ͑1͒ reduce to scalars ⑀ 0 and f 0 times the unity symmetric and antisymmetric tensors, respectively. Therefore, up to the term linear in the magnetization, the relation between the induction D() and the electric field E() of the light wave can be written in a vector form:
Although MCD depends on the mutual orientation of the light propagation direction and the magnetization M, within the approximation of Eq. ͑2͒ MCD is isotropic in a sense that it does not depend on the orientation of E and M relative to the crystallographic axes. Therefore, to describe the anisotropic MCD effect in a cubic medium one has to account for the higher-order terms in the expansion ͑1͒, which are anisotropic even in high-symmetry cubic media. The second-order term 4g i jkl M k M l is even in the magnetization and therefore cannot contribute to MCD. In order to account for the anisotropy of MCD one therefore has to consider the thirdorder term.
In general, an axial fifth-rank tensor in a cubic medium has ten independent nonvanishing elements. 9 The permutation symmetry of h i jklm with respect to the last three indices and the Onsager symmetry h i jklm ϭϪh jiklm reduces this number to only 2. In the following it is convenient to introduce a contracted notation. We define a ten-dimensional vec-
where M 1 , M 2 , and M 3 denote the projections of M on the principal crystallographic axes ͓100͔, ͓010͔, and ͓001͔. For isotropic media the same elements of i jK are nonvanishing but the number of independent elements is reduced to one because of an extra relation 1 ϭ3 2 between the 1 and 2 elements. In cubic media the anisotropic element an ϭ 1 /3Ϫ 2 0 leads to the anisotropy in MCD. Now we introduce the laboratory coordinate system (xyz), where the z axis is normal to the surface and along the magnetization vector Mϭe z M . The transformation matrix A from the crystallographic ͑123͒ to the laboratory (xyz) frame is taken in the form Aϭ ͩ cos sin cos cos Ϫsin Ϫcos sin 0 sin sin sin cos cos
where the angles and determine the orientation of the surface normal e z with respect to the crystallographic axes. Using Eqs. ͑4͒ and ͑5͒ one can find the xy element of
that determines the MCD for light propagating along z. The last term in Eq. ͑6͒ is anisotropic, i.e., it depends on the orientation of the surface relative to the cubic frame. For the ͑001͒ face ϭ0 and Eq. ͑6͒ yields
The same as in Fig. 1 but measured on two faces of a bulk iron crystal.
while for the ͑110͒ face ϭ/4, ϭ0 and
Obviously, ⑀ xy (001) ⑀ xy (110) and the third-order term in expansion ͑1͒ can describe the observed anisotropy.
The analysis above can also be used to describe the observed third-order transversal ͑kЌM, where k denotes the light wave vector͒ Kerr effect reported in Ref. 6 . We take the light incident along the surface normal z and the magnetization parallel to the surface Mϭe x M . In cubic media the linear in the magnetization contribution i f 0 EϫM to the induced polarization is then always along k and, therefore, does not radiate into the direction of light propagation. The second-order contribution g:MM is reciprocal and cannot contribute to the MCD and one again arrives to the thirdorder term which gives rise to the transversal MCD via
where h xyxxx ϭ an f (,,) denotes the magnitude of the corresponding tensor element in the laboratory coordinate system which depend on the relative orientation of the two frames given by the Euler angles , , and , where the additional angle describes the azimuthal orientation of the sample which becomes important for the transversal geometry. We note that this transversal MCD vanishes on the even-fold rotation symmetry ͑001͒ and ͑110͒ faces of cubic fcc and bcc crystals. Indeed, the rotation of the sample by reverses the direction of Mϭe x M while ⑀ xy and h xyxxx should be unchanged since (x,y)→(Ϫx,Ϫy) is a symmetry operation for these faces and ⑀ xy (e x M ) should therefore vanish for any . For other faces the transversal MCD is present. For instance, for the ͑111͒ face one can calculate the function f (,,) to obtain
Note that this effect is anisotropic during azimuthal rotation of the sample. It vanishes every time when the magnetization is normal to one of the mirror symmetry planes ͑011͒, ͑101͒, and ͑110͒ of the ͑111͒ face. Comparing Eqs. ͑7͒, ͑8͒, and ͑10͒ one can see that a measurement of the transversal MOKE on Fe͑111͒ similar to that done by Gridnev et al. 6 can be used for an unambiguous verification of the mechanism of the anisotropy of the polar Kerr effect proposed in this work.
In conclusion, we have observed a strong surface orientation dependence of the magneto-optical Kerr effect in the polar configuration that can be understood as a third-order effect in the magnetization on the optical response. We give a phenomenological description of this effect, which can also explain the transversal Kerr effect at normal incidence on odd-fold symmetry faces of a cubic crystal observed by Gridnev et al.
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